In plant cells, pathogenesis-related (PR) proteins function in a wide range of processes related to signal transduction and antimicrobial activity. These proteins were originally considered as induced by different biotic and abiotic stresses but were subsequently found constitutively expressed in different plant organs during growth (van Loon et al., 2006) . PR proteins are classified in 17 families on the basis of structural and functional features. For many PR protein families, the molecular mechanisms that underlie their activity in defense processes have not been clarified so far.
The PR-10 protein family is a large group of PR proteins, containing .100 members. They were first identified in parsley (Petroselinum crispum; Somssich et al., 1988) and later isolated from several plant species and tissues (Matton and Brisson, 1989; Crowell et al., 1992; Warner et al., 1994; Breda et al., 1996; Midoh and Iwata, 1996; Huang et al., 1997; Lo et al., 1999; Yu et al., 2000; Wu et al., 2003) . PR-10 proteins are typically small (from 155-163 residues) cytoplasmic proteins with acidic pI (Liu and Ekramoddoullah, 2006) . Despite the low similarity in their primary structure, they feature a conserved three-dimensional fold, consisting of a seven-stranded b-sheet wrapped around a C-terminal a-helix and two additional small a-helices. This is revealed by the structures of a number of PR-10 proteins obtained by NMR and x-ray crystallography, such as Bet v 1 from birch (Betula spp.; Gajhede et al., 1996; Markovic-Housley et al., 2003) , four isoforms of LlPR10 from yellow lupin (Lupinus luteus; Biesiadka et al., 2002; Pasternak et al., 2005; Fernandes et al., 2008) , VrCSBP (cytokininspecific binding protein) from mung bean (Vigna radiata; Pasternak et al., 2006) , Pru av 1 from cherry (Prunus avium; Neudecker et al., 2001) , and Ap g 1 from celery (Apium graveolens; Schirmer et al., 2005) .
Two aspects make the biological characterization of PR-10 proteins a potentially important goal both for human health and agriculture: on one hand, some PR-10 proteins are important allergen sources from tree pollen, fruits, and vegetables. Examples are Bet v 1 from birch (Swoboda et al., 1996) , Mal d 1 from apple (Malus domestica; Vanek-Krebitz et al., 1995) , Pru ar 1 from apricot (Prunus armeniaca), Pru av 1 from cherry (Neudecker et al., 2001) , and Dau c 1 from carrot (Daucus carota; Yamamoto et al., 1997) . On the other hand, several PR-10 proteins are up-regulated upon pathogen infection (Walter et al., 1990; Breda et al., 1996; Pü hringer et al., 2000; Park et al., 2004; Liu et al., 2005) , have a direct and selective antifungal activity, or accumulate in overwintering organs of tree species, suggesting a key role in selective defense mechanisms against microbes and fungi and in protecting plants from abiotic stresses (Yu et al., 2000; Flores et al., 2002; Chadha and Das, 2006) . In addition, a number of PR-10 proteins are constitutively expressed at different plant developmental stages and/ or in different tissues and organs, such as in seeds, roots (Sikorski et al., 1999) , flowers, and senescent leaves (Breiteneder et al., 1989; Crowell et al., 1992; Barrat and Clark, 1993; Vanek-Krebitz et al., 1995; Sikorski et al., 1999) , suggesting a role for PR-10 proteins also in developmental regulation.
The molecular mechanisms through which PR-10 proteins regulate these important plant processes are not yet understood. Several PR-10 protein members were reported to hydrolyze RNA (Bufe et al., 1996; Swoboda et al., 1996; Bantignies et al., 2000; Biesiadka et al., 2002; Koistinen et al., 2002; Zhou et al., 2002; Park et al., 2004; Yan et al., 2008) . This activity can be crucial during plant defense for controlling the burst of transcription that occurs upon stress sensing. In addition, RNase activity could be important for the apoptotic processes activated in pathogen-infected cells in order to limit the pathogen invasion. Finally, this activity could be directly involved in the degradation of pathogenic virus RNA. A notable example is the case of CaPR-10 from hot pepper (Capsicum annuum), in which the RNase activity was shown to be directly associated to its antiviral function (Park et al., 2004) . Additional roles of PR-10 proteins could be related to their capability to bind hydrophobic ligands, such as fatty acids, flavonoids, and steroids (Neudecker et al., 2001; Mogensen et al., 2002; Koistinen et al., 2005) . PR-10 proteins are also capable of binding plant hormones, such as cytokinins (CKs; Fujimoto et al., 1998; Pasternak et al., 2006; Fernandes et al., 2008) . CKs are signal elements that regulate plant growth and development, but which are also recently emerging as important components of the plant defense strategy repertoire (Chung et al., 2008) . Indeed, their concentration is highly affected by pathogen invasion and, in turn, their high concentration induces apoptosis (Carimi et al., 2003) and expression of PR proteins, such as PR-1 (Memelink et al., 1987) . Furthermore, Arabidopsis (Arabidopsis thaliana) mutants constitutively expressing ABR-17, a pea (Pisum sativum) RNase belonging to the PR-10 protein family involved in salt stress tolerance (Srivastava et al., 2007) , contained up to 3-fold higher concentration of endogenous CKs and showed up-regulation of several CK-responsive genes, as compared to the wildtype plant (Krishnaswamy et al., 2008) . These observations thus suggested a functional link between the RNase function and the CK binding activity of PR-10 proteins (Krishnaswamy et al., 2008) . CKs are adenine derivatives, which are normally synthesized from 5#-AMP. However, certain types of plant tRNAs contain a CK moiety adjacent to their 3#-end, which enhances their translational efficiency (Taller, 1994) . Degradation of these tRNAs is believed to significantly contribute to the plant endogenous CK content (Chen and Ertl, 1994; Prinsen et al., 1997) . On the basis of these data, it was suggested that PR-10 proteins, such as ABR-17, modulate the level of endogenous CKs, through yet unknown mechanisms that might possibly involve RNA degradation and lead to stress defense (Krishnaswamy et al., 2008) .
These recent findings prompted us to further investigate the possible functional correlation between the RNase activity and CK binding of PR-10 proteins at the molecular level. In particular, we focused on a PR-10 protein from peach (Prunus persica), Pru p 1, identified as a fruit allergen homolog to Bet v 1 (Wisniewski et al., 2004) . The possible role of Pru p 1 in fruit defense against pathogens as well as in fruit development was investigated by monitoring the transcript level of the genes encoding two isoforms of Pru p 1 (Pru p 1.01 and Pru p 1.06D) at different stages of the fruit ripening. The two proteins were expressed in Escherichia coli and purified, and their structural properties were analyzed. Their RNase activity was established, the thermodynamics of zeatin binding were elucidated, and the influence of this CK on the enzymatic activity was investigated. The structural models of Pru p 1.01 and Pru p 1.06D were calculated, and the model of a zeatinbound Pru p 1.01 was analyzed. Based on the results, possible roles of these proteins in plant metabolism are proposed and discussed.
RESULTS
Expression of pru p 1.01 and pru p 1.06D in Peach Fruit during Growth
The expression level of two isoforms of PR-10 proteins from peach, Pru p 1.01 and Pru p 1.06D, during fruit development was quantified in peach fruit skin (the tissue where typically allergens accumulate) by measuring the relative abundance of mRNA of pru p 1.01 and pru p 1.06D in the four growth stages of the fruit: S1 (the early stage), S2 (the phase when fruit temporary stops growing and pit hardening occurs), S3 (the early preclimatic phase), and S4 (the fruit ripening stage; Fig. 1 ). During the initial S1 phase, the amount of the two mRNAs was similar. Subsequently, it increased, reaching the highest level during the S2 phase. The genes pru p 1.01 and pru p 1.06D showed the same pattern of expression, with differences in the mRNAs accumulation levels. In particular, the transcript of pru p 1.01 and pru p 1.06D increased by 223% and 144%, respectively, from the S1 to the S2 phase. Subsequently, during the S3 stage, mRNA decreased to 86.3% and 51.4% of the quantity observed in S2 and slightly increased again during the S4 stage to a value similar to the amount observed in S1.
Purification and Structural Analysis of Pru p 1.01 and Pru p 1.06D
The His-tagged forms of Pru p 1.01 and Pru p 1.06D proteins (theoretical pI 6.22 and 5.68, respectively) were expressed in the soluble fraction of E. coli and purified using nickel affinity chromatography, yielding 20 and 15 mg of protein per liter of bacterial culture respectively. The purity of the isolated proteins was confirmed by SDS-PAGE, which showed a unique band at about 20 kD, in agreement with the calculated molecular masses (19,491.8 D for Pru p 1.01 and 19,151.4 D for Pru p 1.06D; Fig. 2A ). No formation of inclusion bodies was observed after 3 h of protein expression at 37°C. The molecular mass and hydrodynamic radius of recombinant Pru p 1.01 and Pru p 1.06D in solution were determined using online size exclusion chromatography, multiple-angle light scattering, and quasielastic (dynamic) light scattering (Fig.  2B) . The elution profile and the light scattering data show that both proteins are monomers in solution (calculated molar masses M w [Pru p 1.01] = 21.9 6 0.1 kD, M w [Pru p 1.06D] = 22.8 6 0.2 kD; hydrodynamic radii R h [Pru p 1.01] = 1.8 6 0.1 nm, R h [Pru p 1.06D] = 1.5 6 0.1 nm). The circular dichroism (CD) spectra of the two proteins showed the presence of a significant amount of both a-helices and b-strands, with a negative deflection centered on 216 nm and a positive peak at 195 nm (Fig. 2C) . The spectra were quantitatively analyzed using the Dichroweb server. The results of fits averaging (normalized root mean square deviation [RMSD] in the range 0.012-0.025) provided a secondary structure composition of 36% a-helix, 26% b-strand, 15% turns, and 23% random coil for Pru p 1.01 and of 29% a-helix, 28% b-strand, 16% turns, and 27% random coil for Pru p 1.06D. These data indicate that the two proteins are largely similar, with the presence of a small difference in the secondary structure composition that mainly concerns the a-helical content.
RNase Activity of Pru p 1.01 and Pru p 1.06D
The ribonuclease activity of Pru p 1.01 and Pru p 1.06D was tested by incubating the proteins in the presence of total RNA of peach fruit skin at different pH. Under acidic conditions (pH 3), no hydrolysis of RNA was observed (Fig. 3A) . Accordingly, Pru p 1.01 was reported to be fully denatured under these conditions (Gaier et al., 2008) . At pH 5, RNA appeared partially degraded when incubated with Pru p 1.06D, while in the presence of Pru p 1.01, no RNA hydrolysis was detected. On the other hand, under basic conditions (pH 9), total RNA degradation was performed effectively by Pru p 1.01 after 4 h, whereas Pru p 1.06D was not capable of full hydrolysis after this incubation time. Considering that both Pru p 1 proteins completely hydrolyzed RNA at pH 7.5 after 2 h (Fig. 3B ), RNase activity was tested at this pH also at shorter incubation times. The assay showed that Pru p 1.06D completely hydrolyses RNA after 30 min and that this isoform is a more efficient RNA hydrolase than Pru p 1.01: the latter starts to hydrolyze RNA only after 1 h of incubation and completes degradation after 2 h. The RNase activity was also evaluated in the presence of a 10-fold molar excess zeatin at pH 7.5. In these conditions, the rate of enzymatic activity of Pru p 1.01 is significantly affected because degradation starts only after 2 h of incubation and is completed after 4 h ( Fig.  3B ; Supplemental Figs. S1-S3). On the other hand, the presence of zeatin did not affect the RNA hydrolysis rate catalyzed by Pru p 1.06D.
No RNA hydrolysis was detected when RNA was incubated with the buffer alone or with the purified lysate of E. coli transformed with the pHAT vector eluted from the Ni column or with the proteins thermally inactivated by incubation at 100°C for 15 min (Fig. 3C ). Shorter incubation times (e.g. 5 min at 100°C) did not lead to complete inactivation of the proteins and resulted in residual RNA hydrolysis. This observation suggests the occurrence of protein refolding, consistently with results recently published indicating that the thermal denaturation of Pru p 1.01, as monitored by CD, is a reversible process (Gaier et al., 2008) .
Other PR-10 protein homologs were found to increase their RNA hydrolyzing activity with the temperature (Yan et al., 2008) . Therefore, the RNase activity of Pru p 1.01 and of Pru p 1.06D was also tested at 60°C, and a substantial decrease in protein activity was observed. Furthermore, RNA hydrolysis was not affected by the presence of 10 mM EDTA, Figure 1 . Expression levels of the genes encoding Pru p 1.01 and Pru p 1.06D during the four S1 to S4 growth phases of fruit development. Three independent replicates of first-strand cDNA were synthesized from three separated RNA preparations. Each independent sample was run in duplicate. The levels of pru p 1.01 and pru p 1.06D cDNA were normalized to the one of actin. The relative cDNA levels are the means of the 12 values (six values 3 two independent experiments) obtained. Letters represent the nonsignificant ranges according to the LSD test (P # 0.05), whereas the line bars show the SE.
indicating that these proteins can be classified as type II RNases (Bariola and Green, 1997).
Antifungal Activity
The antimicrobial activity of the recombinant Pru p 1.01 and Pru p 1.06D against fungal pathogens of peach fruits, such as Monilinia laxa, Monilinia fructigena, Botrytis cinerea, Colletotrichum acutatum, Rhizopus stolonifer, and Penicillium expansum, was tested on solid substrate. The proteins were placed in proximity of the edge of hyphal growth, and the latter was monitored for 12 to 24 h, depending on the fungal species (until the fungal growth reached the filter). No growth inhibition was detected for any of the tested fungi. The effect of zeatin on the antifungal activity was also assayed by placing the proteins, mixed with 10-or 20-fold molar excess of zeatin, on filter discs, and no effect on the growth of the tested fungi was observed.
Pru p 1.01 and Pru p 1.06D Interaction Properties with Zeatin followed by Isothermal Titration Calorimetry
The thermodynamics of zeatin binding to Pru p 1.01 and Pru p 1.06D were analyzed using isothermal titration calorimetry (ITC). In the case of Pru p 1.01, the occurrence of a binding event was revealed by the presence of exothermic peaks following each addition of a solution of zeatin to the protein solution (Fig. 4A) . Fits of the integrated heat data (Fig. 4B) were carried out using a model involving a single binding event and yielded a stoichiometry of one equivalent of zeatin molecule bound to a Pru p 1.01 molecule with a dissociation constant K d = 9.4 mM. This process is driven by favorable enthalpic (DH = 2470 6 20 cal mol
21
) and entropic (DS = +21 cal mol 21 K 21 ) factors calculated from the fit. Analogous ITC experiments performed on Pru p 1.06D did not show any heat changes related to binding events, thus indicating that under these conditions Pru p 1.06D does not specifically interact with zeatin ( Fig. 4C ).
Sequence Search and Homology Modeling of Peach Pru p 1.01 and Pru p 1.06D
More than 400 PR-10 protein sequences were retrieved from a sequence database search. The analysis of the resulting sequence alignment (Supplemental Fig. S4 ), together with the distribution of the available structures of PR-10 proteins along the unrooted phylogenetic tree (Supplemental Fig. S5 ), helped us to choose the templates for the modeling of the structures of Pru p 1.01 and Pru p 1.06D proteins. In particular, the NMR structure of cherry Pru av 1 (Protein Data Bank [PDB] code 1E09) was picked, considering its proximity to the target sequences in the phylogenetic 260, 160, 110, 80, 60, 50, 40, 30, 20, 15 , and 10 kD. B, Molar mass distribution plot for Pru p 1.01 (bold line and black circles) and Pru p 1.06D (thin line and gray circles). The solid lines indicate the size exclusion elution profile monitored by the refractive index (RI) detector, and the dots are the weight-averaged molecular masses for each slice, measured every second. The average molecular mass and the hydrodynamic radius of the proteins are indicated. C, Far-UV CD spectrum of Pru p 1.01 and Pru p 1.06D. The CD data are shown as black circles (Pru p 1.01) and gray circles (Pru p 1.06D). The solid lines represent the best fits calculated using the CDSSTR program available at the Dichroweb server.
tree, while the yellow lupin LlPR-10.2B (2QIM) and the mung bean VrCSBP (2FLH) were chosen because of the presence, in the crystal structure, of zeatin. The alignment of peach Pru p 1.01 and Pru p 1.06D sequences with the sequences of the modeling templates, coupled with the secondary structure prediction, shows that the main structural elements of Pru p 1.01 and Pru p 1.06D are perfectly aligned with the PR10-like fold of the template structures (Fig. 5A) . The best models resulting from the structure calculation, and selected on the basis of the lowest energy score, fully complied with standard validation protocols. The backbone RMSD of peach Pru p 1.01 and Pru p 1.06D structural models with the LlPR-10.2B and VrCSBP template structures are small (1.17 and 1.18 Å for LlPR-10.2B and 1.06 and 1.01 Å for VrCSBP, respectively; Fig.   Figure 3 . RNA hydrolyzing activity of recombinant Pru p 1.01 and Pru p 1.06D proteins. A, RNase activity of Pru p 1.01 and Pru p 1.06D (10 mM) at different pH, against total peach RNA (10 mg) at time 0 and after 2 and 4 h of incubation at 37°C. Lanes 10 and 29, DNA marker (M); lanes 1 to 3, negative control, RNA incubated with citrate buffer, pH 3, alone; lanes 4 to 6, RNA incubated with Pru p 1.01 in citrate buffer, pH 3; lanes 7 to 9, RNA incubated with Pru p 1.06D in citrate buffer, pH 3; lanes 11 to 13, negative control, RNA incubated with MES buffer, pH 5, alone; lanes 14 to 16, RNA incubated with Pru p 1.01 in MES buffer, pH 5; lanes 17 to 19, RNA incubated with Pru p 1.06D in MES buffer, pH 5; lanes 20 to 22, negative control, RNA incubated in CHES buffer, pH 9, alone; lanes 23 to 25, RNA incubated with Pru p 1.01 in CHES buffer, pH 9; lanes 26 to 28, RNA incubated with Pru p 1.06D in CHES buffer, pH 9. B, RNase activity of Pru p 1.01 and Pru p 1.06D in phosphate buffer, pH 7.5, against peach total RNA alone or in presence of 200 mM zeatin after 30 min, 1, 2, and 4 h of incubation. Lane 21, DNA marker; lanes 1 to 5, RNA incubated with Pru p 1.01; lanes 6 to 10, RNA incubated with Pru p 1.01 in presence of zeatin; lanes 11 to 15, RNA incubated with Pru p 1.06D; lanes 16 to 20, RNA incubate with Pru p 1.06D in presence of zeatin. C, Negative controls at time 0 and after 2 and 4 h of incubation at 37°C, at pH 7.5. Lane 16, DNA marker; lanes 1 to 3, RNA incubated with boiled Pru p 1.01; lanes 4 to 6, RNA incubated with boiled Pru p 1.06D; lanes 7 to 9, RNA incubated with purified lysate of E. coli transformed with the pHAT vector; lanes 10 to 12, RNA incubated with buffer alone; lanes 13 to 15, RNA incubated with 200 mM zeatin. 5D), indicating a substantial structural conservation. The secondary structure content of both Pru p 1.01 and Pru p 1.06D model structures (25% a-helix, 24% b-sheet, 24% turns, and 12% random coil) is in good agreement with the secondary structure found experimentally using CD (vide supra).
The calculated volumes for the internal pockets of the model structures are 1,389 and 1,498 Å 3 for Pru p 1.01 and Pru p 1.06D, respectively. These volumes are comparable to that calculated, using the same protocol, for LlPR-10.2B (1,579 Å 3 ; Fig. 5B ) but are significantly larger than that calculated for VrCSBP (829 Å 3 ; Fig. 5C ) and Pru av 1 (1,156 Å 3 ). These cavities differ in shape as well as in electrostatics from the templates, with the cavities of the peach proteins bearing less negative charge (Fig. 5 , B, C, E, and F). Moreover, some crucial differences are observed in the residues forming the pockets of Pru p 1.01 and 1.06D that influence their shape and electrostatics; these residues involve positions 23 (Phe versus Leu), 31 (Val versus Ile), 83 (Ser versus Asn), and 103 (Thr versus Ile) of the multiple sequence alignment (Fig. 5A) . Of the terminal a-helix, only seven residues are completely buried in the model structures of peach Pru p 1.01 and Pru p 1.06D: Val-134, Gly-137, Ala-141, Phe-145, Ile-148, Glu-149, and Leu-152 (Fig. 5A ). These residues are fully conserved in peach Pru p 1.01 and Pru p 1.06D and in cherry Pru av 1, while they are not conserved (with the exception of Glu-149 and Leu-152) in the other template structures. This discrepancy probably contributes to the different shape of the internal cavity of peach Pru p 1.01 and Pru p 1.06D and cherry Pru av 1 with respect to those found in yellow lupin LlPR-10.2B and mung bean VrCSBP.
Docking of Zeatin to Peach Pru p 1.01
Among the two isoforms of peach PR-10 proteins investigated in this work, only Pru p 1.01 showed the capability of binding zeatin; therefore, docking simulations were carried out using this model structure. In order to calibrate the computational methods and correctly model the zeatin orientation and conformation into the Pru p 1.01 binding pocket, two sets of benchmark calculations were carried out on yellow lupin LlPR-10.2B and mung bean VrCSBP crystal structures, in analogy to a previously published protocol (Musiani et al., 2001 ). This benchmarking stage further attempted to provide insights onto the different protonated forms (N7 or N9) of the zeatin molecule (details given as supplemental information; Supplemental Figs. S14 and S15). The docking of zeatin to the Pru p 1.01 binding pocket is reported in Figure 6A . The calculations performed using zeatin protonated on nitrogen N7 or N9 gave similar results of position, orientation with respect to the protein frame, and free energy of binding, suggesting that the two different protonation states of zeatin are not strongly discriminated. In both cases, the best docked structure is part of a well-resolved cluster of similar orientations. The position of the zeatin molecule (Fig. 6B ) is very similar (RMSD = 1.5 Å ) to that found in yellow lupin LlPR-10.2B, the difference being likely due to the incomplete residue conservation inside the binding pocket (Fig.  5A) . A much larger difference is instead observed when comparing the structure of zeatin docked to Pru p 1.01 with the crystal structure of zeatin bound to mung bean VrCSBP (RMSD approximately 7.5 Å ; blue dots in Supplemental Figs. S14 and S15). This result must derive from higher conservation within the binding pocket of Pru p 1.01 and yellow lupin LlPR-10.2B as compared to that of mung bean VrCSBP (Fig.  5A ). In particular, the substitution of mung bean VrCSBP Phe-56 to residues with a less sterically hindering side chain (Ile in Pru p 1.01 and Leu in yellow lupin LlPR-10.2B) is the crucial feature leading to the different zeatin binding modes in mung bean VrCSBP on one side and in yellow lupin LlPR-10.2B and Pru p 1.01 on the other.
DISCUSSION
Pru p 1.01 is known to be a major peach allergen (Ahrazem et al., 2007) and was previously found in large amount in bark, xylem, and root of peach tree during the dormancy period, with a possible role in storage and/or defense (Wisniewski et al., 2004) . Recent data indicated that a Pru p 1.01 isoform, named Pru p 1.06D according to its sequence identity (Gao et al., 2005; Chen et al., 2008) , is one of the most abundantly expressed genes among the ripe peach mesocarp transcriptome (Trainotti et al., 2006) . Pru p 1.06D shows high sequence identity (73%) to Pru p Figure 5 . Pru p 1.01 and Pru p 1.06D model structure calculation. A, Multiple sequence alignment of peach Pru p 1.01 (P101), Pru p 1.06D (P106), cherry Pru av 1 (1E09), yellow lupin LlPR-10.2B (2QIM), and mung bean VrCSBP (2FLH). The secondary structure colors (a-helix, yellow; b-strand, cyan) are derived from the PDB structure for 1E09, 2QIM, and 3C0V and from JPRED prediction for Pru p 1.01 and Pru p 1.06D. Underlined residues in 2QIM and 3C0V are involved in the binding of the zeatin found at the end of the protein binding pocket. B and C, Solvent-exposed surface sections of yellow lupin LlPR-10.2B (2QIM) and mung bean VrCSBP (2FLH, chain D). The sections are oriented in order to expose the zeatin binding pockets and zeatin molecules found in the PBD structures. Zeatin molecules are depicted as ball-and-sticks and colored according to atom type (carbon, gray; nitrogen, blue; and oxygen, red). D, Superimposition of peach Pru p 1.01 (blue) and Pru p 1.06D (green) model structures and template structures used for the modeling (1E09, 2QIM, and 2FLH, chains A-D colored in yellow, orange, and red, respectively). E and F, Ribbons, solvent-exposed surfaces, and solvent-exposed surfaces section of peach Pru p 1.01 and Pru p 1.06D model structures. The sections are oriented in order to expose the internal cavity. All surfaces are colored according to the electrostatic potential contoured from 210.0 (intense red) to 10.0 kT/e (intense blue; where k is the Boltzmann constant, T the absolute temperature, and e the electron charge).
1.01; no data were so far reported on the expression and purification of Pru p 1.06D from its biological source or using heterologous systems.
In this study, we show that the expression pattern of pru p 1.01 and pru p 1.06D genes in peach fruit skin during growth is similar, with a maximum peak of expression in the S2 phase, in which pit hardening occurs (Fig. 1) . A different expression pattern of pru p 1.01 was recently reported in the skin of nectarine fruit during growth, suggesting a different regulation of the transcription of this gene in different P. persica cultivars (Botton et al., 2009) . During the S2 period, peach fruits transiently lose their susceptibility to brown rot, caused by the fungus Monilinia spp.; the fruit molecular components, which regulate this process, are not known, although various PR-10 proteins were found to have a direct antimicrobial activity against fungal pathogens (Flores et al., 2002; Chadha and Das, 2006) .
In this work, both Pru p 1.01 and Pru p 1.06D were expressed and purified as recombinant proteins from E. coli ( Fig. 2A) . These proteins exist as monomers in solution, as verified by light scattering (Fig. 2B ). Only few PR-10 proteins, such as AmPR-10 from the Chinese medicinal plant Astragalus mongholicus (Yan et al., 2008) , Bet v 1 from birch (Swoboda et al., 1995; Koistinen et al., 2002) , and SPE-16 from the Mexican potato Pachyrrizus erosus (Wu et al., 2003) , have been found to form dimers in solution. However, the functional importance of dimerization in PR-10 proteins has not been clarified. CD spectroscopy (Fig. 2C ) indicated that both isolated Pru p 1.01 and Pru p 1.06D are well folded, containing significant amounts of a-helix and b-strand. The relative amount of secondary structure elements in Pru p 1.06D well matches the one calculated in the theoretical prediction based on the primary structure (Fig. 5A ), while Pru p 1.01 contains a higher proportion of a-helix. In this regard, it is interesting to note that, while all PR-10 proteins contain a highly conserved and stable b-sheet, they show structural variability in the a-helical content. In particular, the conformation of helix a3 determines the accessibility, the size, and the shape of the hydrophobic cavity that holds zeatin or other ligands (Biesiadka et al., 2002; Pasternak et al., 2006; Fernandes et al., 2008 Fernandes et al., , 2009 ).
At variance with other PR-10 members, Pru p 1.01 and Pru p 1.06D recombinant proteins did not show any inhibitory activity on the growth of Monilinia and of other peach fungal pathogens, suggesting that, if these proteins play a role in plant defense, it is not through a direct action. On the other hand, during the pit hardening stage, also the genes encoding key enzymes of the phenylpropanoid pathway were found up-regulated (P. Zubini and E. Baraldi unpublished data). This pathway controls the production of lignin precursors, which is a fundamental process during this stage. It is noteworthy that also the expression of aoPR1, encoding a PR-10 protein from asparagus (Asparagus officinalis), was shown to temporally and spatially correlate with the expression of genes coding for enzymes of the phenylpropanoid pathway. Moreover, the promoter of aoPR1 gene contains sequence motifs similar to those found in the phenylpropanoid genes (Warner et al., 1994) . These data suggest that PR-10 proteins act in concert with the phenylpropanoid pathway, which is known to be involved in several plant defense responses (Dixon et al., 2002) or that phenylpropanoid intermediates regulate PR-10 gene expression (Warner et al., 1994) . PR-10 proteins have been considered a multifunctional protein family, encompassing different functional subfamilies that share homology in tertiary structure in spite of low sequence similarity. The specific interaction of several PR-10 proteins with CKs has been so far associated with a function of storage and transport of these plant hormones (Fernandes et al., 2008 ) as well as with a possible regulatory role in RNase activity, CK metabolism, and stress defense (Srivastava et al., 2007) . The calorimetric titration experiments described in this study showed that Pru p 1.01 binds one zeatin molecule per protein monomer with a dissociation constant of approximately 10 mM, while Pru p 1.06D does not show any binding capability under the same experimental conditions. Previous measurements using ITC indicated a specific interaction of VrCSBP with zeatin, with affinity .10 times lower than that observed for Pru p 1.01 (Pasternak et al., 2006) . Such functional divergence could be due to structural differences of the binding pocket in Pru p 1.01 compared to its homolog. Indeed, the available crystal structures of PR-10 proteins in complex with zeatin show that the ligand-protein interaction is not structurally conserved: VrCSBP was crystallized with one or two zeatin molecules in the binding pocket (Pasternak et al., 2006) . Conversely, the lupin LlPR-10.2B crystal structure shows three zeatin molecules bound inside the pocket (Fernandes et al., 2008) . The orientation of the zeatin molecule bound deeper in the pocket is different in the two structures, indicating that proteins with the same scaffold but located in distant regions of the phylogenetic tree, and belonging to different taxonomic orders, have developed the capability of bind a different amount of zeatin molecules in different ways (Fernandes et al., 2008) . This could be due to the fact that the residues important for zeatin binding are not conserved in all PR-10 proteins. Accordingly, in the case of Pru p 1.01 and Pru p 1.06D, the model structures of the two protein isoforms (Figs. 5 and 6 ) show a very similar general fold but a significant difference in the residues composing the binding pocket. Moreover, the electrostatics properties of the two proteins, resulting from molecular modeling, are different and vary from the other PR-10 protein structures solved so far (Fig. 5, B , C, E, and F). Docking experiments indicated that Pru p 1.01 could well accommodate a single zeatin molecule in its binding pocket (Fig. 6 ).
Both Pru p 1.01 and Pru p 1.06D catalyze the hydrolysis of RNA (Fig. 3) . Ribonuclease activity has been demonstrated for several PR-10 proteins, which, based on the pH dependence, were ascribed to the class II of RNases. This activity is often paralleled with the CK-binding function (Iyer et al., 2001 ), as we show here in the case of Pru p 1.01. However, so far, no experimental evidence on the correlation between these two functions has been provided. We show here, for the first time, that the rate of the RNA hydrolysis of a PR-10 protein, Pru p 1.01, is affected upon binding of zeatin. A zeatin inhibitory action on the Pru p 1.01 RNase function not only supports the hypothesis that the RNA hydrolyzing activity of PR-10 could regulate the endogenous CKs concentration but also suggests for this ligand a possible regulatory role on the Pru p 1.01 enzymatic activity through a feedback mechanism. The fact that RNA hydrolysis is inhibited by zeatin during the first hour of Pru p 1.01 incubation and is restored afterward could indicate a shift in the equilibrium toward the RNA:protein complex after that time. Such a shift can be due to the experimental conditions of the reaction in which an excess of RNA is used and suggests a mechanism of zeatin/RNA alternative binding to the protein. Other PR-10 proteins have been classified as RNases, based on 2-to 4-h activity assays (Bantignies et al., 2000; Liu and Ekramoddoullah, 2006; Srivastava et al., 2006) . However, our results show that the PR-10 Pru p 1.06D protein is capable of full RNA degradation in much shorter incubation time. In addition, Pru p 1.06D does not bind and is not inhibited by zeatin, suggesting that this protein plays a different role in vivo. A different function for the two isoforms would also explain the similar expression patterns of the pru p 1.01 and pru p 1.06D genes observed during the fruit growth stage and possibly justify the large energetic cost afforded by the cell for the protein synthesis process.
In conclusion, our results show that the two isoforms of Pru p 1 protein differ in activity, in spite of the similarity in protein sequence and folding. This observation reinforces the hypothesis (Iyer et al., 2001; Radauer et al., 2008 ) that PR-10 protein are multifunctional proteins that exploit a conserved tertiary structure and fine-tune their function by varying just a few key amino acid residues. Additionally, our results indicate the presence of a possible correlation between two roles of PR-10 proteins, that of RNase hydrolysis and CK binding.
MATERIALS AND METHODS

Fruit Material
Peach fruits (Prunus persica Batch 'K2') were weekly harvested in a local fungicide-free orchard, from the fourth week after full bloom until full maturity. The fruit growth curve showed the typical double sigmoid pattern with the four standard growth stages (S1-S4; Bregoli et al., 2002; Trainotti et al., 2006) . Four samples, consisting of three replicates of five fruits each, representative of the four stages, were chosen for expression analysis. Fruits were peeled and skin was frozen in liquid nitrogen.
Gene Expression Analysis
The RNA was extracted from 2.5 g of frozen peach skin following the protocol published by Bonghi et al. (1992) . The RNA pellet was air-dried and diluted in 50 mL of water pretreated with 0.1% diethyl-pyrocarbonate water. DNA was removed from the samples by Turbo DNase treatment (Ambion) following the manufacturer's instructions.
The single-strand cDNA was obtained from 360 ng of total RNA with the ImProm-II Reverse Transcriptase (Promega) and oligo(dT) as primers. Realtime PCR was performed on an MX3000 instrument (Stratagene) using the Brilliant SYBR Green QPCR Master mix (Stratagene). Each reaction mixture contained 1:50 dilution of single-strand cDNA as template, 120 nM of each specific primer (5#-CCCCGATGCCTACAACTAAA-3# and 5#-GCAACAA- GAAAAGCCACACA-3# for pru p 1.01; 5#-TAAGTTGGTGGCATCTGCTG-3# and 5#-CCCAGCCTTAACATCCTCCT-3# for pru p 1.06D), 15 nM ROX as reference dye, and 13 Brilliant SYBR Green QPCR Master mix (Stratagene). The primer annealing step was performed at 58°C. Two replicates of each reaction were run in the same experiment. Amplified products were checked by sequencing (BMR Genomics). Quantification was carried out using a standard curve, generated by the real-time PCR of serial dilutions of a singlestrand cDNA. Data were analyzed using MXPro QPCR software, version 3.0 (Stratagene). Quantifications were normalized through real-time amplification of the actin housekeeping gene. Data were analyzed by ANOVA, and means were separated by the least significance difference test at the 0.05 probability level.
Expression and Purification of Recombinant Pru p 1.01 and Pru p 1.06D
The full-length coding sequences of pru p 1.01 and pru p 1.06D were obtained by amplification of a single-strand cDNA, reverse transcribed from mRNA of peach skin, using 5#-TATACCATGGGTGTCTTCACATATGAGAGCGAGTT-3# and 5#-TATAAGCTTAGTTGTAGGCATCGGGGTGGCCCTTA-3# primers for pru p 1.01 and 5#-TATACCATGGGTGTCTTCACATACTCAGACGAGTC-3# and 5#-TATAATGCATTAGTTGYAGGCATCWGG-3# primers (PCR purification grade; PRIMM) for pru p 1.06D. Primers introduced the NcoI and HindIII and the NcoI and AvaIII restriction sites in the pru p 1.01 and in pru p 1.06D PCR amplification products, respectively. These were purified with Nucleospin Extracts II kit (Macherey-Nagel), digested with restriction enzymes (Fermentas), and ligated into a pHAT plasmid (Peränen et al., 1996) equally digested. The recombinant plasmids were purified from Escherichia coli DH5a cells and sequenced on both strands (BMR Genomics), before transformation into E. coli BL21 (DE3) strain. These cells were grown at 37°C, and the expression of the recombinant proteins, fused to a nonspecifically cleavable N-terminal tag containing six His (MNTIHHHHHHNTSSAT), was induced with 0.4 mM isopropyl b-D-1-thiogalactopyranoside for 3 h. Bacteria were recovered by centrifugation and resuspended in 25 mL of 50 mM phosphate buffer, pH 7.5, containing 300 mM NaCl. Cells were disrupted using a French press (SLM AMINCO I) after addition of DNaseI (10 mg/mL) and MgCl 2 (10 mM). The soluble fraction of E. coli lysate was loaded onto a Ni-NTA (Ni-nickelchelating nitrilotriacetic acid) affinity column (Qiagen). Proteins were eluted with buffer containing 200 mM imidazole and dialyzed for 16 h against 50 mM phosphate buffer, pH 7.5, containing 150 mM NaCl. Proteins were quantified using theoretical extinction coefficient at 280 nm, calculated on the basis of primary structure (13, 410 
Light Scattering Measurements
The oligomeric state and the hydrodynamic radius of Pru p 1.01 and Pru p 1.06D were determined using a combination of size exclusion chromatography, multiple-angle light scattering, and quasielastic light scattering. A protein sample (200 mL, 180 mM) was loaded onto a Superdex 75 HR 10/30 column (GE Healthcare), preequilibrated using 50 mM phosphate buffer, pH 7.5, containing 150 mM NaCl, and eluted at a flow rate of 0.6 mL min 21 . The column was connected downstream to a multiangle laser light (690.0 nm) scattering DAWN EOS photometer (Wyatt Technology) and to a quasielastic light scattering WyattQELS device. The concentration of the eluted protein was determined using a refractive index detector (Optilab DSP; Wyatt). Values of 0.185 mL g 21 for the refractive index increment (dn/dc; Charlwood, 1957) and 1.321 for the solvent refractive index were used. Molecular masses were determined from a Zimm plot (Zimm, 1948) . Data were recorded and processed using Astra 5.1.9 software (Wyatt Technology) following the manufacturer's instructions.
CD Spectroscopy
The secondary structure of Pru p 1.01 and Pru p 1.06D was evaluated by CD spectroscopy for protein samples (5 mM) dissolved in 50 mM phosphate buffer, pH 7.5, using a JASCO 810 spectropolarimeter and a cuvette with 0.1-cm path length. Ten spectra were accumulated from 190 to 240 nm at 0.2-nm intervals and averaged to achieve an appropriate signal-to-noise ratio. The spectrum of the buffer was subtracted. The secondary structure composition of Pru p 1.01 and Pru p 1.06D was evaluated using the CDSSTR tool available on the Dichroweb server Wallace, 2004, 2008) with the reference sets 4, 7, and SP1 (http://dichroweb.cryst.bbk.ac.uk/html/home. shtml). The values obtained using all these reference sets were averaged to give an estimation of the relative amount of secondary structure elements.
RNase Activity Assay
Total RNA from peach fruit skin was extracted and purified as described above. Both proteins (10 mM) were incubated in the presence of RNA (10 mg) for 2 to 4 h at 37°C in 50 mL of 50 mM buffer at different pH: citrate for pH 3, MES for pH 5, phosphate for pH 7.5, and CHES (N-cyclohexyl-2-aminoethanesulfonic acid) for pH 9. Negative controls were performed using (1) phosphate buffer alone, (2) the protein denatured at 100°C for 15 min, or (3) the lysate of E. coli BL21(DE3) transformed with the pHAT vector. The latter was treated similarly to the E. coli lysate overexpressing the two Pru p 1 isoforms: it was induced with 0.4 mM isopropyl b-D-1-thiogalactopyranoside, loaded onto a nickel column, and eluted with 200 mM imidazole. This elution fraction was directly used in the assay to exclude any nonspecific RNA hydrolysis from components of the buffers, such as Ni cations or imidazole. At pH 7.5, the RNase activity was assayed also after 30 min and 1 h incubation time and in the presence of zeatin: RNA was incubated for 30 min, 1, 2, and 4 h with Pru p 1 proteins and 200 mM zeatin (Sigma-Aldrich) in 50 mM phosphate buffer. A negative control was performed incubating RNA with 200 mM of zeatin in 50 mM phosphate buffer. For each experiment, at least three replicates were performed. The RNA present in the resulting reaction mixtures from the assays was purified before gel analysis (1% agarose gels stained with ethidium bromide) using phenol-chloroform treatment and ethanol precipitation.
In Vitro Antimicrobial Activity of Recombinant Proteins
The antimicrobial activity of recombinant Pru p 1.01 and Pru p 1.06D was assayed against Monilinia laxa, Monilinia fructigena, Botrytis cinerea, Colletotrichum acutatum, Rhizopus stolonifer, and Penicillium expansum. The fungi were grown on potato dextrose agar plates at room temperature until the colony reached a diameter of 3.5 cm. Sterile filter paper discs of 0.6 cm diameter were placed at 0.5 cm from the growing front, and 5 or 10 mg of the recombinant protein were applied onto the discs. To test the possible effect of zeatin binding to proteins on fungal growth, antifungal tests were also performed by incubating Pru p 1 proteins with 10 or 20 molar excess (50 or 100 mM) of zeatin, 10 min before placing them on the filter discs. Negative controls were performed using the supernatant fraction of the lysate of E. coli BL21(DE3) transformed with pHAT vector or using the protein buffer. Fungal growth was analyzed after 12 to 24 h of incubation or until fungal growth reached the filter.
ITC Experiments
A solution of zeatin (trans-zeatin hydrochloride; Sigma-Aldrich) was prepared diluting a concentrated stock (75 mM) in 50 mM phosphate buffer, pH 7.5. Zeatin concentration was confirmed spectrophotometrically using the molar extinction coefficient « 272 = 16,450 M 21 cm 21 (Letham et al., 1967) .
Titrations were performed at 25°C using a high-sensitivity VP-ITC microcalorimeter (MicroCal). The reference cell was filled with deionized water. Before each experiment, the protein was passed through a Superdex-75 HR 10/30 column, the buffer of which was also used to dilute ligand molecule. Care was taken to start the first addition after baseline stability had been achieved. Small volumes (10 mL) of a solution containing zeatin at a concentration of 750 mM diluted in 50 mM phosphate buffer, pH 7.5, were injected into a solution of Pru p 1.01 and Pru p 1.06D (50 mM) in the same buffer, using a computer-controlled 310 mL microsyringe. In order to allow the system to reach equilibrium, an interval of 5 min between each ligand injection was applied. For each titration, a control experiment was set up, titrating the zeatin solution into the buffer alone, under the same conditions.
Integrated heat data obtained for zeatin titrations were fitted to a theoretical curve using a nonlinear least-squares minimization algorithm and the MicroCal Origin software. DH (reaction enthalpy change in cal mol 21 ), K b (binding constant in M 21 ), and n (number of binding sites) were the fitting parameters. The reaction entropy was calculated using the relationships DG = 2RTlnK b (R = 1.9872 cal mol 21 K 21 , T = 298 K) and DG = DH 2 TDS. Best results, evaluated using the reduced x 2 parameter, were obtained using the scheme with one set of sites.
Sequences similar to peach Pru p 1.01 and Pru p 1.06D were retrieved by similarity search from a nonredundant sum of different protein databases (GenBank CDS translations, RefSeq Proteins, PDB, SwissProt, Protein Information Resource, and Protein Research Foundation) using the primary structures of Pru p 1.01 and Pru p 1.06D as templates. The program PSI-BLAST (Position-Specific Iterated BLAST; Altschul et al., 1997) was used for the similarity search. Multiple sequence alignments were performed on the sequences using the ClustalW program (Thompson et al., 1994) . The alignment (Supplemental Fig. S4 ) was employed to derive an unrooted phylogenetic tree (Supplemental Fig. S5 ) using the program PHYLIP (Felsenstein, J., PHYLIP, PHYLogenetic Inference Package, 3.5c, Department of Genetics, University of Washington, Seattle, 1993 ).
An initial alignment of peach Pru p 1.01 and Pru p 1.06D sequences with the sequences of modeling templates was produced using ClustalW and manually adjusted to match up the primary and the secondary structure of the proteins as determined using the program JPRED (Cuff et al., 1998) . This alignment was then used to calculate 100 structural models of Pru p 1.01 and Pru p 1.06D using the program Modeller9v4. The NMR structure of cherry (Prunus avium) Pru av 1 (PDB code 1E09) and the yellow lupin (Lupinus luteus) LlPR-10.2B and mung bean (Vigna radiata) CSBP crystal structures (PDB codes 2QIM and 3C0V, respectively) were used as templates. The best model was selected on the basis of the lowest value of the Modeller objective function. Results of the ProCheck (Laskowski et al., 1993) validation for the final model were fully satisfactory.
The molecular solvent-exposed surfaces were calculated using the UCSF Chimera package (Pettersen et al., 2004) . All His residues were considered neutral. The electrostatic color-coding was generated using the Delphi software (Honig and Nicholls, 1995) . This program solves the linearized PoissonBoltzmann equation to obtain the electrostatic potential in and around the protein, while taking the presence of solvent into account as a high dielectric continuum. The protein internal dielectric constant was set to 4 in all calculations, and the solvent dielectric constant was 80. The salt concentration was set to physiological ionic strength of 150 mM NaCl. The electrostatic potential calculation with Delphi was done using a scale of 1 point/Å . The electrostatic potentials generated by Delphi were displayed using UCSF Chimera. The cavity volumes were calculated using the Pocket Finder server at http://www.modelling.leeds.ac.uk/pocketfinder/help.html.
Docking of trans-Zeatin to Yellow Lupin LlPR-10.2B Crystal Structure and to Peach Pru p 1.01 Model Structure Docking was performed using an established procedure (Musiani et al., 2001) and AutoDock v4.0 (Morris et al., 1998; Huey et al., 2007) . Yellow lupin LlPR-10.2B and mung bean VrCSBP crystal structures (PDB codes 2QIM and 2FLH chain D, respectively) from which the zeatin and water molecule were removed, as well as the Pru p 1.01 model structure, were used in the docking experiments. The receptor proteins were superimposed to have a common reference point from which to evaluate ligand displacement. The trans-zeatin 159 found in 2QIM was used as ligand starting model. Hydrogen atoms were added both to the protein receptors and to the trans-zeatin ligand using the UCSF Chimera program suite. Nonpolar hydrogen atoms were then deleted, and Gasteiger charges (Gasteiger and Marsili, 1980) were assigned. All the torsional bonds of trans-zeatin were free to rotate for flexible docking. The grid maps representing the proteins in the actual docking process were calculated with the program AutoGrid. The grids (one for each atom type in the ligand plus one for electrostatic interactions) were chosen to be sufficiently large to include the pocket inside the proteins. The dimensions of the grids were of 10 3 10 3 10 Å , with a spacing of 0.200 Å between the grid points. Docking of trans-zeatin to receptor proteins was carried out using the empirical free energy function and the Lamarckian genetic algorithm, applying a standard protocol with an initial population of 150 randomly placed individuals, a maximum number of 2.5 3 10 6 energy evaluations, a mutation rate of 0.02, a cross-over rate of 0.80, and an elitism value of 1, where the average of the worst energy was calculated over a window of the previous 10 generations. For the local search, the so-called Solis and Wets algorithm was applied, using a maximum of 300 iterations. The probability of performing a local search on an individual in the population was 0.06, and the maximum number of consecutive successes or failures before doubling or halving the local search step size was 4. Two hundred independent docking runs were carried out. Results were analyzed using the RMSD from the position of the trans-zeatin 159 found in the 2QIM crystal structure in the case of yellow lupin LlPR-10.2B and zeatin 706D in case of mung bean VrCSBP.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers AM493970 (pru p 1.01) and AM289148 (pru p 1.06D).
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